The sonic hedgehog (Shh) pathway has essential roles in several processes during development of the vertebrate central nervous system (CNS). Here, we report that Shh regulates dendritic spine formation in hippocampal pyramidal neurons via a novel pathway that directly regulates the actin cytoskeleton. Shh signaling molecules Patched (Ptc) and Smoothened (Smo) are expressed in several types of postmitotic neurons, including cerebellar Purkinje cells and hippocampal pyramidal neurons. Knockdown of Smo induces dendritic spine formation in cultured hippocampal neurons independently of Gli-mediated transcriptional activity. Smo interacts with Tiam1, a guanine nucleotide exchange factor for Rac1, via its cytoplasmic C-terminal region. Inhibition of Tiam1 or Rac1 activity suppresses spine induction by Smo knockdown. Shh induces remodeling of the actin cytoskeleton independently of transcriptional activation in mouse embryonic fibroblasts. These findings demonstrate a novel Shh pathway that regulates the actin cytoskeleton via Tiam1-Rac1 activation.
Results

Shh signaling is implicated in dendritic spine formation
In an attempt to explore additional roles of the Shh pathway during CNS development, expression patterns of hedgehog signaling molecules were analyzed by in situ hybridization in early postnatal mouse brain. We found that Shh was co-expressed with Ptc and Smo in cerebellar Purkinje neurons and hippocampal pyramidal neurons in postnatal day 14 (P14) mice ( Fig. 1) . It is thus suggested that Shh signaling might function in postmitotic CNS neurons.
To analyze the function of Shh signaling in postmitotic neurons, we examined the effects of Shh on cultured hippocampal neurons. At 16 days in vitro (16 DIV), neurons have abundant mature spines with a thin neck and large head as well as longer and thinner headless processes called filopodia ( Fig. 2A-a) . Under normal conditions, neurons initially grow thin headless filopodia, which are subsequently modified into spines along with the maturation of synapses (Ethell and Pasquale, 2005; Matsuno et al., 2006) . In our culture, the number of spines continuously increased until 26 DIV, while that of filopodia plateaued after 16 DIV (Supplemental Figs. S1A, B) . We found that recombinant Shh peptide treatment significantly increased the density of spines compared to untreated control neurons ( Figs. 2A-a, b, B) . Conversely, neurons treated with cyclopamine, which binds to Smo and inhibits its activity to transduce Shh signaling (Chen et al., 2002a) , exhibited lower density of spines and higher density of dendritic filopodia d, B and S1C) . We also examined the effect of another Smo antagonist SANT-1 which has been shown to work GEF implicated in spine formation (Saneyoshi et al., 2008) .
We confirmed Tiam1 expression in hippocampal pyramidal neurons in P14 mouse brain ( Fig.   3C -a-f). Tiam1 expression was high in the cell bodies and had a lower punctate expression in the apical dendrites of pyramidal neurons ( Fig.3C-g-i) .
Using GST-pull down assays, we further examined the region of Tiam1 that was responsible for binding to SmoC with a panel of truncated Tiam1 constructs. We identified the medial domain of 
Shh induces the reorganization of the actin cytoskeleton in non-neuronal cells
We next addressed if Shh signaling regulated Tiam1 activity. NIH3T3 cells has been shown to be activated in response to Shh stimuli (Taipale et al., 2000) . Further, the Tiam1-Rac1 pathway is involved in the regulation of the actin cytoskeleton in these cells (Buchanan et al., 2000; Michiels et al., 1995) . Therefore, we treated NIH3T3 cells with the recombinant Shh peptide and analyzed changes in the actin cytoskeleton. Addition of Shh induced membrane ruffles, suggesting that Shh stimulated the remodeling of the actin cytoskeleton in non-neuronal cells b, e, f, B) . NIH3T3 cells pre-treated with the transcription inhibitor actinomycin D exhibited membrane ruffles comparable to the untreated control cells, indicating that Shh induced membrane ruffles independently of transcriptional activation d, g, h, B) . In contrast, overexpression of a dominant-negative form of Tiam1 (Tiam1 DN) completely suppressed the induction of membrane ruffles by Shh. We also found that Shh induced the accumulation of Tiam1 at the edge of membrane ruffles (Figs 5B-D). These results suggest that Shh signaling induces actin remodeling via Tiam1 independently of the transcriptional Shh pathway.
Shh induces spine formation through the Tiam1-Rac1 pathway
Finally, we confirmed whether Shh regulates spine formation via Tiam1-Rac1 activation. It has been shown that Tiam1 activity is inhibited by overexpression of the medial segment of Tiam1 containing the PH and RBD domains, which is identical to TiamC (Kawauchi et al., 2003; Tolias et al., 2007) ). We thus utilized TiamC as a dominant negative form of Tiam1 (Tiam1 DN) ( Fig. 6A ). Table. S1). These results support that Tiam1-binding of Smo inhibits spine formation. In contrast, a constitutively active form of Smo (SmoA1) had little or no effect on spine formation in spite of its strong transcriptional activity (Figs. 6A, B-e, S2B and Table S1 ). Together, these results suggest that Shh regulates spine formation via the Tiam1-Rac1 pathway independently of transcriptional activation.
Inhibition of
Discussion
Here we have shown that Shh signaling directly regulates the actin cytoskeleton via Tiam1-Rac1 independently of the transcriptional pathway. In our model, Shh signaling has a permissive role in the Tiam1-Rac1 pathway. We found that Shh induced actin remodeling in NIH3T3 fibroblasts with a slower time course than other stimuli like PDGF, which is directly involved in Tiam1 activation (Anton et al., 2003) . Consistent with our observation, translocation of Smo into primary cilium has been shown to occur in the similar time frame after Shh treatment (Rohatgi et al., 2007) . The slow activation of Smo might be prerequisite but not sufficient for activation of the Tiam1-Rac1 pathway. We surmise that Smo releases Tiam1 in the presence of Shh and a free Tiam1 pool may accumulate in the cytosol, which would then be recruited to the plasma membrane by other upstream signals and activate Rac1.
We observed that the number of filopodia plateaued, while spines were consistently increased after 16 DIV in our culture conditions (Fig. S1B ). De novo formation of filopodia is thus likely to continue after 16 DIV, as filopodia are transformed into dendritic spines after maturation. Based on this, a significant increase in filopodia at the expense of spines after the addition of cyclopamine suggests that Shh signaling pathway would affect the filopodia-to-spine maturation but not de novo formation of filopodia.
In hippocampal neurons and cerebellar Purkinje cells, the ligand and downstream components of Shh signaling are expressed in the same neurons, implying that Shh might regulate spine formation in an autocrine or paracrine manner. This raises the intriguing question of how Shh can regulate spine formation in a specific spatiotemporal manner. Secretion of Shh might be regulated by other extracellular signals at specific locations and times. Interestingly, secretion of Shh has been shown to be triggered by histamine (Zavros et al., 2008) , which has also been reported to induce Ca 2+ influx in endothelial cells (Rotrosen and Gallin, 1986) . This may suggest that activity-dependent Ca 2+ influx may be involved in Shh secretion in neurons.
Recent studies have suggested that Shh functions as a chemoattractant independently of its transcriptional activity. Shh has been implicated in growth cone guidance of commissural neurons through the activation of Src-family kinases. It has also been shown that Smo-activation by Shh induces migration of mouse mesenchymal fibroblasts through the metabolism of arachidonic acid (Bijlsma et al., 2007; Yam et al., 2009 ). Since Src-family kinases and arachidonate metabolites are also involved in synaptic function, this suggests a possible link between Smo-Tiam1 pathway and these molecules in spine formation (Feinmark et al., 2003; Salter and Kalia, 2004) . Additional studies are needed to delineate the detailed pathways and physiological roles of Shh in dendritic spine formation.
Our identification of a novel Shh signaling pathway in the regulation of the actin cytoskeleton sheds light on new aspects of Shh function. The extent to which this novel signaling cascade is involved in other Shh functions during development should be clarified by future studies.
Experimental methods
Antibodies and reagents
The following antibodies and reagents were used: rabbit polyclonal antibodies against HA-tag, The mouse Shh cDNA used for in situ hybridization was a gift from E. Laufer.
Cell cultures
Dissociation cultures of hippocampal neurons were prepared from P0 mouse brains using a neuron dissociation kit (Sumilon). Cells were plated on coverslips coated with poly-d-lysine (0.4 mg/ml, Sigma) at a density of 10 x 10 4 cells/cm 2 and maintained in Neurobasal medium supplemented with 1% B27 supplement (Invitrogen). For transient expression and RNAi experiments, neurons were transfected with plasmids at 7 DIV by using Lipofectamine 2000 (Invitrogen).
NIH3T3 cells were maintained in Dulbecco's Modified Eagle Media (DMEM; Invitrogen)
supplemented with 10% calf serum (GIBCO). For induction of membrane ruffles, cells were starved in a low serum medium for 24 hr and treated with 5 µg/ml Shh for 60 min. In some experiments, 10 µg/ml actinomycin D (Sigma) was added to the low serum medium 2 hr before Shh addition.
HEK293 cells were cultured in DMEM supplemented with 10% fetal bovine serum (JRH biosciences) and transfected with plasmids using Lipofectamine 2000 (Invitrogen).
Quantification of dendritic protrusions
Cultured cells were fixed with 4% paraformaldehyde and permeabilized in 0.2% Triton X-100 and 5% BSA in PBS. Samples were processed for immunofluorescence and mounted with ProLong Antifade (Molecular Probes). Optical sections of confocal images at 0.5 µm z-axis intervals were analyzed using LSM5 Image Browser (Zeiss). The number of dendritic protrusions in thick apical dendrites in the segment of 50 µm in length from the point of 30 µm away from the cell body was measured. Dendritic spines were defined as protrusions of 0.5-5.0 µm in length with large heads and thin necks, whereas filopodia were defined as headless thin protrusions of 0.5-5.0 µm in length.
14-27 neurons from at least three independent cultures were analyzed for each experimental condition.
RNA interference
To generate vector-based RNAi constructs, BLOCK-iT™ Pol II miR RNAi Expression Vector Kits 
In situ hybridization
In situ hybridization was performed using 12 µm fresh-frozen cryosections of P14 mouse brains by a method described previously (Eiraku et al., 2002) . Sections were fixed with 4% paraformaldehyde 
Figure legends
Reporter assay
NIH3T3 cells were transfected with 8×3' Gli-BS-luciferase (a gift from H. Sasaki) (Sasaki et al., 1997; Sasaki et al., 1999) , Renilla luciferase (pRL-TK, Promega) and the indicated constructs using Lipofectamine LTX (Invitrogen). At 48 hr after transfection, culture medium was replaced with fresh medium containing low serum (0.5% calf serum) and incubated for an additional 24 hr. Cells were then treated with Shh with or without 5 µM cyclopamine or 100 nM SANT-1 and cultured for 3 days. Luciferase assays were performed using the PiccaGene Dual Sea Pansy Luciferase Assay kit (Toyo Ink) following the manufacturer's protocol. Values were normalized using Renilla luciferase activity. Transcriptional activity and spine formation are increased (↑), unchanged (→) or decreased (↓) by indicated treatment.
Dissociation culture of cerebellar neurons
